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ABSTRACT 
Measurements of airborne sea-salt concentration were taken from North Atlantic weather ships 
during 1 1  voyages throughout the period September 1974 to July 1975. Total sea-salt 
concentrations were measured by air sampling through membrane filters. Sampling sites were at 
heights of 5, 10 and 15 metres above sea level. A total of 1821 aerosol samples were taken with 
an average of 57 samples per site per voyage. 

An attempt has been made to correlate sea-salt concentration with wind speed and other 
meteorological factors. It was found that total sea-salt concentration could be represented as a 
function of wind speed by the equation In 0 = 0 . 1 6 ~  + 1.45 (0 = sea-salt concentration in pg m-3 
and u = wind speed in m s-I) This shows good agreement with Blanchard and Syzdek’s results. 
Observation of the time variation of sea-salt concentration and wind speed indicated residence 
times of the order of 12 to 24 hours. Attempts to distinguish dependence upon other meteoro- 
logical parameters were not conclusive. 

1. The wind dependence of sea-salt 
aerosol 

There have been many attempts to correlate air- 
borne sea-salt concentrations with wind speed but 
results have not been entirely consistent. The 
earliest data on the wind dependence of airborne 
sea-salt are from Woodcock’s (1953) results taken 
at cloud levels over Hawaii. The slope of the 
regression line is approximately 0.16 (natural 
logarithms). Toba (1961) in a wind flume experi- 
ment obtained the following expression for the rate 
of production of particles: 
F = e0.4U t COnStant 

In a later work Toba (1965) used data from Durbin 
and White (1961) and Woodcock (1953, 1957) to 
calculate the wind dependence of sea-salt produc- 
tion. The slope of the curves was 0.12. He ascribed 
the discrepancy between this result and his wind 
flume result as  being due to the use of tap water in 
the laboratory experiment. 

Tsunogai et al. (1972) measured sea-salt con- 
centration from ships in the Pacific Ocean and 
obtained a wind dependence curve with a slope of 
0.62. This is five times the value obtained by Toba. 

Tsunogai et al. reconcile their result with Toba’s 
value on the basis of two assumptions: (1) the 
production of sea-salt particles > l o p  radius or 

g is more dependent on the wind velocity than 
is the production of small particles; (2) the 
residence time of the larger particles is so short that 
they contribute only to the weight concentration of 
sea-salt near the surface of the ocean. It is the 
opinion of the writer that Tsunogai’s high result 
may be due to a contribution to the sea-salt aerosol 
as a result of the ship’s motion. Apparently all 
samples were taken with the ships underway. 

There is limited experimental field data on the 
wind dependence of sea-salt aerosol but results 
obtained by Woodcock are generally supported by 
other investigations and the evidence tends to  
favour Toba’s value for the wind dependence slope. 
A literature survey reveals that there have been no 
long-term investigations of the sea-salt component 
of the marine aerosol. The aim of this investigation 
was to determine any possible seasonal variations, 
variations with meteorological factors, or variation 
with height above the sea surface of the sea-salt 
aerosol. To minimize the error scatter a large 
number of measurements were taken from weather 
ships at stations India, Juliet and Lima throughout 
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Fig. 1. Location of United Kingdom ocean weather 
stations. 

the period August 1974 to July 1975. The location 
of the U.K. ocean weather stations is shown in Fig. 
1 (stations India and Juliet are no longer used 
having been superseded by the one station Lima 
from July 75). 

2. Measurement techniques 
Both weather ships and oil rigs were considered 

as platforms but weather ships were chosen 
because they provide continuous and accurate 
meteorological data. Ships on passage were not 
considered as their wash is itself a source of sea-salt 
aerosol. When the weather ships reach their station 
(about three to four days out of harbour) they are 
stopped. The ships remain on a fixed heading 
relative to the wind direction due to a weathercock 
action. The wind blows from a direction slightly 
abaft of the beam (about 100° from the ships 
heading) so that the windward side is very exposed. 
The instruments were always fixed to the wind- 
ward side and it is considered that good represen- 
tative sampling was achieved in this way. The ships 
remain on station for about 25 days in each 
voyage. Membrane filter holders with isokinetic 
sampling heads of varying nozzle sizes were used 
to measure total sea-salt concentrations. Three 
filter holders were installed at three sites in each 
ship at heights of 5, 10 and 15 metres. The 
sampling instruments were clamped directly to  the 

guard rail at the 5-metre site and to  laboratory 
stands fixed to the bridge wing at the 10-metre site. 
Sampling at the 15-metre site was achieved by 
hoisting the instruments up a main mast halyard. 

Suction through membrane filter holders was 
achieved by using one Nash Hytor 2 h.p. pump 
connected to a common manifold. Air flow rates 
were measured by using Rotameter flow-meters in 
series with the sampling heads. Flow rates between 
11 and 20 litres/min were used. Different combina- 
tions of flow rate and nozzle size were used so that 
the air intake velocity was as close as  possible to  
the wind speed in an attempt to achieve isokinetic 
sampling. Samples were taken at the rate of one per 
instrument at every main synoptic hour, i.e. 00,06, 
12,18 GMT. 

Analysis was achieved by adding a small fixed 
quantity of distilled water to each dish and subse- 
quently analysing the solution for sodium content. 
This was achieved with an Instrumentation 
Laboratory IL- 143-03 flame photometer which has 
an internal standard and is capable of an actual 
rate of analysis of 150 samples per hour. Sampling 
times vaned between 1 to 2 hours in winds above 8 
m s-I to several hours in very light wind condi- 
tions when the total sea-salt concentration often fell 
to 5 pg m-3. In these circumstances the sample was 
often of the same order as background contamina- 
tion. Background sodium contamination was deter- 
mined for a number of different filter types. Results 
are shown in Table 1. Nuclepore filters were mainly 
used but even with a nuclepore filter and a sample 
time of 2 hours, in light wind conditions the sample 
collected could be of the same order as the back- 
ground contamination. On the other hand, acciden- 
tal handling or splashing from sea water could 
result in the sample being very much less than 
background contamination. The effect of experi- 
mental errors are discussed in the author’s full 
account of this study (Lovett, 1975). 

In practice, attempts to obtain sea-salt 
concentration measurements as a function of height 
were difficult to  achieve. These heights can only be 
considered approximate due to the motion of the 
ships. At gale force winds the ships often rolled by 
30” from the vertical and moved through a vertical 
distance of several metres. In practice, in rough 
seas, all sampling positions could move effectively 
through a vertical height range of 10 metres or 
more. 

When the ship was stopped there was apparently 
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Table 1. Typical sodium content and composition of membrane jilters. (Sodium content is 
expressed as weight in pg equivalent of NaCl) 

- 

Filter material 

1 -  

Sodium 
content (pg) 

0 
0 

I I I 1 I I I I I I I I I I I JU, 

-~ ~~ ~ 

Millipore AA Cellulose acetate and cellulose nitrate 30 
Millipore HA Cellulose acetate and cellulose nitrate (hydrophobic) 10 
Millipore FH PTFE (hydrophobic) bonded to polyethylene net 3 
Gelman-Hawksley AN 800 
Gelman-Hawksley DM 800 Copolymer of acrylonitrile and PVC (hydrophobic) 100 
Nuclepore Polycarbonate plastic film 3 
Sartorius I 1  104 Cellulose acetate 20 

Copolymer of acrylonitrile and PVC on nylon substrate 100 

- 1  Wind Speed ( m . s  ) 

Fig. 2. Examples of total sea-salt concentration plotted as a function of wind speed. Samples were taken at Station 
India at a height of 15 metres as1 in April 1975. 

little ship-induced foam and spray. Up to wind 
speeds of around 13 ms-I a few waves would 
appear to break around the stern as a result of the 
hull shape but there would be none at the midships 
position where the sampling sites were located. At 
wind speeds in excess of 15 m s-I sampling could 
often only be achieved at the 15-metre site as 
occasionally waves would break over the side and 
swamp the instruments. The comparative lack of 
waves breaking against the ships up to quite high 

wind speeds is a factor in favour of weather ships in 
comparison with fixed platforms which could cause 
a significant source of sea-salt aerosol due to  
breaking waves. The weather ships, on the other 
hand, when they are stopped, behave rather like 
bobbing corks and most of the wave energy is used 
in moving the ship vertically, whereas a fixed plat- 
form can be compared to a sea-shore where 
breaking waves are a considerable source of sea- 
salt aerosol. 

Tellus 30 (1978), 4 



QUANTITATIVE MEASUREMENT OF AIRBORNE SEA-SALT IN THE NORTH ATLANTIC 36 1 

3. Results 

A typical plot of results is shown in Fig. 2 with a 
least squares straight line of the form In 8 = au + b. 
A total of 31 similar graphs were obtained over a 
period of 1 1  months. Mean weighted values of a 
and b were calculated for all heights for each 
station and for all heights at both stations by using 
a weighting w = n where n is the number of data 
points. The corresponding equations are: 

Station India 5 m In 0 = 0.1914 + 0.71 (0.06) (0.9) 
1Om In B= 0.1314 + 1.54 (0.07) (0.9) 
15 m In 8= 0.1614 + 1.61 (0.08) (1.0) 

Station Juliet 5 m In O =  0.1 714 + 1.52 (0.06) (0.9) 
10 m In 8= 0.1414 + 1.42 (0.05) (0.4) 
15 m In 8= 0.1914 + 1.03 (0.03) (0.5) 

Standard deviations of a and b are shown in 
brackets after their respective mean equations. 

Station India, all heights In 0 = 0.1614 + 1.5 1 (0.07) (0.9) 
Station Juliet, all heights In B= 0.1714 + 1.35 (0.05) (0.7) 
Both stations, all heights In 0 = 0.1614 + 1.45 (0.06) (0.8) 

Sampling at station Lima from ship Weather 
Surveyor was only undertaken at one site at 7.5 
metres a.s.1. for one voyage (WS104) using three 
sets of instruments (denoted A, B, C). The 
corresponding equations are: 

Station Lima A In 0 = 0.2214 + 0.20 
B In e = 0.2214 + 0.44 
c In e= 0.2514 + 0.23 

95% confidence intervals of “a” for these 
equations were 0.05, 0.04 and 0.04 respectively. It 
will be noted that these equations have a greater 
slope and a smaller intercept than equations for 
stations I and J. This can be explained by the rather 
different weather condition experienced at station 
Lima during this one voyage. The voyage was 
characterized by long periods of very light winds 
when the total sea-salt concentration fell to  very 
low values, sometimes as low as 1 pg m-3. This is 
shown on an extract from the time plot obtained 
from this voyage. On the other hand there was a 
paucity of data above 12 m s-l. The very low sea- 
salt concentration at low wind speed resulted in a 
rather steeper regression line with an intercept 
closer to the origin. Values of 8 obtained from this 
equation for various wind speeds are all lower than 
those obtained from stations I and J where low 
wind speeds were much less frequent. 

Thus it would appear that the regression line 
obtained from plotting In 8 and u is dependent also 
on the time variation of the wind speed. 

4. Discussion of results 

4.1. Total sea-salt concentration 
This type of measurement, relying solely on 

quantitative measurement of small amounts of a 
very common element, viz. sodium, is naturally 
subject to large errors. It was found that by 
carrying out replicate sampling runs, large errors 
due to accidental salt contamination were possible, 
but by taking statistical mean values of a large 
number of a set of data the effect of errors could be 
reduced to reasonable limits. An example of 
replicate sampling runs from voyage WS104 is 
shown in Fig. 3. Meteorological data in the form of 
wind speed, present weather, low cloud type and 
depth of the lowermost mixed layer (metres) are 
also plotted and their influence on residence times 
will be discussed. No significant variation in height 
of sea-salt concentration was indicated as varia- 
tions between correlation lines for differing sampl- 
ing heights were within the range of scatter shown 
in Fig. 3. The mean slope of 0.16 of the regression 
line for the data compares with slopes of 0.16 and 
0.12 for Woodcock‘s (1953) and Toba’s (1965) 
data respectively. Toba’s result, however, is for the 
production rate at the sea surface rather than sea- 
salt concentration at a height above sea level. 

The high degree of scatter of the data points and 
the consequent variation in the regression lines can 
probably be attributed to several reasons. Sea-salt 
concentrations are not only a function of wind 
speed but of the previous wind. Another factor is 
that there are more data points for the lower wind 
range than the higher range which in the absence of 
a suitable weighting factor results in the regression 
line being more influenced by low wind speed 
results than high wind speed results. 

The mean regression line for all data, 
In 8= 0.16~ + 1.45, gives values of In 0 = 2.25 
(8 = 9.5 pg m-3), In 8 = 3.01 (8 = 20 pg m-3) and 
In 8 = 4.01 (8= 55 pg m-3) for wind speeds of 
5 m s-I, 10 m s-I and 15 m s-’ respectively. These 
values show good agreement with mean values of 
In 8 from voyages with the lowest 95% confidence 
intervals of f0.3 (WM105 and WM106). Using 
95 % confidence intervals of 0.3 with values of In 8 
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Fig. 3. Results of replicate sampling using three identical sampling heads at a height of 7.5 metres. The plotted 
parameters are (from the top) haze (m), fog(I=), mist (=), stratocumulus (-), and cumulus ( 0). Below that the height 
of the lowest mixed layer (in metres) is given. Full circles represent wind speed and the aerosol samples are represented 
by plus, circles and triangles. 

from the regression line equation give ranges of 
values of 6 of 7-13 at  5 m s-l and of 15-27 and 
40-74 for wind speeds of 1 0 m ~ - ~  and 15 ms-I 
respectively. These results are slightly higher than, 
but of the same order as, cloud base measurements 
made by Woodcock (1953) and are also in good 
agreement with results of Monahan (1968) and 
Blanchard and Syzdek (1972). They are however 
less than the results of Tsunogai et al. (1972) by a 
factor of about 10. 

4.2. Residence time of sea-salt particles 
The analysis of total sea-salt concentration as a 

function of time indicated the response to wind 
speed variation of sea-salt concentrations. With 
increases in wind speed, increases in sea-salt 
concentrations were simultaneous. With decreases 
in wind speed, the decrease in sea-salt con- 
centrations was not simultaneous due to the 
residence time of sea-salt particles. The time taken 
for sea-salt concentrations to fall to  very low values 
during prolonged periods of low wind speed should 
be an indication of the residence times of sea-salt 
particles. Fig. 3, which is an example of a time plot, 
shows such a prolonged period (6 to 12 hours) of 
winds less than 3 m s-' when the sea-salt con- 
centration fell to around 1 pg m-3. These low con- 

centrations, which were confirmed by results of 
replicate sampling, tend to confirm the suggestion 
that fallout is the more important mechanism for 
larger particles. The residence times indicated by 
Fig. 3 agree with Eriksson's and Toba's theoretical 
values for larger particles (i.e. 6 to  12 hours for 
particles > g). It is possible that residence 
times of particles are dependent on wind speed or 
turbulence. Hall (1975), however, suggests that 
turbulence does not have an appreciable effect on 
residence times as turbulence is probably equally 
effective in depositing particles back into the sea as 
it is in keeping particles airborne. 

4.3. Effects other than wind speed 
Attempts were made to identify and quantify the 

effect of other meteorological parameters (e.g. 
conditions of low relative humidity would be 
expected t o  be asociated with higher sea-salt con- 
centrations than high relative humidity condi- 
tions). However no significant correlation was 
observed. The depth of the lowermost mixed layer, 
obtained from tephigrams, and the amount and 
type of low cloud were also plotted in Fig. 3 in an 
attempt to observe any possible effect due to 
convection but again no significant correlation was 
found. 
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Relative humidity and turbulence have been 
identified by Eriksson (1959) and Toba (1965) as 
the most important meteorological parameters 
affecting sea-salt concentrations apart from wind 
speed. Failure to identify these effects would 
indicate that the investigation of other factors 
would be as inconclusive. It is possible that real 
scatter of results is due to sea-salt particles existing 
in discrete air parcels. Toba (1965) has suggested 
that sea-salt particles could exist in air parcels of 
quite high concentrations which drift about in the 
atmosphere and do not mix with air with a low sea- 
salt concentration. This seems unlikely as air 
exhibits a well-mixed nature with respect to other 
parameters (e.g. humidity). Another factor which 
to some extent explains any real scatter of results is 
the technique for wind measurement. These were 
obtained by observation of anemometer readings at 
hourly intervals. Different observers give different 
interpretations to fluctuating anemometer needles 
and the recorded wind speeds are mean speeds and 
give no indication of the size of gusts. Measure- 
ments were taken over the course of a year and no 
seasonal variation could be detected. It also 

appears that the sea surface temperature is not 
significant as the SST's encountered (10-15 "C) 
were much lower than those near Hawaii (20-  
25 "C) but sea-salt concentrations were similar 
(Woodcock, 1953). 
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KOJIMYECTBEHHbIE M3MEPEHMS MOPCKMX COJlEfi B B03AYXE CEBEPHOR 
ATJI AHTMKE 

B n e p H o n  c CeHTH6pR 1974 r.  no H m n b  1975 rr. B 11 
p e f i C a X  C y n O B  n O r O n b I  B C e B e p H O f i  A T n a H T H K e  6bma 
n p O B e n e H b 1  H3MePeHHR KOHUeHTpaUHfi  MOPCKHX 
C o n &  B B O 3 u y X e .  n O J l H b I e  K O H u e H T p a U H H  MOPCKHX 
C O n e f i  6bme H 3 M e p e H b I  B npo6ax eo3nyxa C IIOMOLUbW 
M e M 6 p a H H b l X  4 W I b T p O B .  3a60p npo6 lJpOH3BOnHJICR 
H a  YPOBHRX 5 ,  10 H 15 M e T p O B  H a A  YpOBHeM M O P R .  
Bcero 6blna B3RTa 1821 npo6a CO C p e n H H M  KOJlH’feCT- 
BOM npo6 57 B KSIXnOM M e C T e  H a  pef iC.  

6bma c n e n a H a  nonbma n p o K o p p e n w p o B a r b  KOH- 
uempasmi conefi co CKO~OCTRMH Berpa H n p y r w M w  
M e T e O P O ~ O T H ’ f e C K A M H  4 a K T O P a M H .  6bmo H a L n e H O ,  

Tellus 30 (1978), 4 


